Abstract. This paper presents a study for modelling the behaviour of high strength SHCCs (strainhardening cement-based composites) made with high performance polymer fibers under quasi-static tensile loading. High density polyethylene fibers are modelled explicitly and distributed randomly in a two-dimensional model. Single fiber pull-out test result is used for micromechanical characterization of bond strength. Load test simulations are conducted with in-house program CaeFem and comparisons are made with experimental results. Several sensitivity analyses performed based on different fiber contents and notches located in the mid-height of a dumbbell specimen.
INTRODUCTION
Nowadays, addition of a small volume of short fibers is a well known strategy to increase the ductility and toughness of cementitious matrices besides optimization of crack opening while the pure cementitious composites have shown quasi-brittle behavior with undesirable typical large cracks under tensile loading condition [1] [2] [3] [4] . Strain-hardening cementbased composites (SHCC), which are a special class of fiber reinforced concretes, are able to develop controlled multiple cracks while subjected to incremental tensile loading condition [5] . In previous studies, the contribution of short fibers in overall behavior and specifically in post-cracking phase is considered with smeared crack formulation or crack bands within finite element method [6] [7] [8] .
2D EXPERIMENTAL PROGRAM

Materials
The modelled composite is a high-strength SHCC made with ultra-high molecular weight polyethylene (UHMWPE; or shortly PE) Dyneema SK62 fibers, produced by DSM, the Netherlands [9] . This material was investigated in detail in previous works by the authors [10] . The used Dyneema fibers have an average di-ameter of 20 µm and their cut-length is 6 mm. Composites with a volume ratio of short fibers of 1% and 2% were analyzed. The high-strength matrix was specifically developed for an adequate interaction with the hydrophobic PE fibers [11, 12] . For that, the matrix had to exhibit a high packing density and strength. Furthermore, to ensure a steadystate cracking in the strain-hardening phase, the matrix should yield a very low fracture toughness [13] . For fulfilling the above enumerated micromechanical conditions, the matrix has a high cement content, low water-to-binder ratio, small amount of fine sand and no coarse sand or aggregates. Despite its high compressive strength and density, the cementitious matrix has a rather low tensile strength and a pronounced brittleness [11] , which is advantageous with respect to a pronounced strain-hardening and multiple cracking in the resulting SHCC. The bond properties of the PE fibers in the high-strength cementitious matrix are given in [10, 12] and is characterized by slip-softening and complete pullout of the fibers with embedment lengths of up to 3 mm. The bond properties were adjusted with respect to a maximum possible exploitation of fiber's tensile strength at the same time avoiding excessive fiber rupture during crack opening, which would lead to a brittle fracture.
Specimen production and testing
For the purpose of 2D FEM simulations of SHCC with a discrete fiber representation, special dumbbell-shaped specimens with a very thin cross-section in the gauge portion were designed and produced, see Figure 1a . The molds consist of plastic elements assembled together through bolted connections. The small thickness was achieved by pressing profiled elements into the molds filled with fresh SHCC until the purposefully dimensioned spacers impeded any further displacement. The pressed material was squeezed towards the open ends of the molds, in this was aligning the fibers longitudinally. The predominantly longitudinal orientation of the fibers was also a desired aspect with regard to the performed numerical simulations. The specimens were cured for 27 days in the molds. The curing was done in sealed plastic bags in a climatic chamber with constant temperature (20
• C) and humidity (65 • C) conditions. This curing procedure allowed minimizing the development of shrinkage cracks, which could be promoted by the high cement content in the investigated SHCC as well as large surface area and small cross-section of the samples. Prior to testing, the specimens were extracted from the mold assembly together with the profiled mold elements. The latter were connected to each other by long threaded rods at the specimen ends, as shown in Figure 1b . The extraction was done for applying the speckle pattern necessary for the optical monitoring of the deformations during the test as well as for cutting the notches. Prior to testing, these elements were bolted back to the specimens and confined the samples during the gluing process. The specimens had a cross-section of 3.5 mm x 40 mm in the gauge portion and 40 mm x 40 mm at their ends. The total specimen length was 250 mm with a gauge length of 100 mm. The transition zones between the large crosssections at samples' ends and the thin gauge portions were 35 mm long. These geometrical proportions ensured a proper fixation of the samples in the testing machine on one hand, and failure localization in the gauge portion, on the other. Figure 1b shows a specimen fixed in the testing machine together with the confining mold elements. Non-rotatable boundaries were ensured by gluing the specimens in thick steel rings, which were bolted to the machine crossmembers. The same testing conditions were used by the authors in the previous works on common specimen geometries [10, 12] . The tests were performed in a hydraulic testing machine Zwick 1200 in a displacement controlled mode with a displacement rate of 0.05 mm/s. Notched and un-notched specimens were tested. The notches were cut in the middle on both sides of the samples. The results on notched specimens with a fiber content of 2% are shown in Figure2. 
2D random mesoscopic model
The 2D SHCC tensile models were analyzed with in-house program CaeFem which is based on finite element simulation. The distribution of discrete fibers are randomly considered in the model. Since localization and development of cracks will be occurred in the notched area, for numerical simulation, special attention will be given to the middle of the dumbbell specimen. This way the modeling effort will be efficient and the required computational time will be optimized. Each components of cement-based composites should be modeled separately in mesoscopic scale. The model is in the context of plane-stress and 2D truss element represents embedded fibers [14] . Truss nodes and neighboring continuum nodes are coupled by special bond elements, which are stiff in normal direction to avoid overlapping and flexible in longitudinal direction according to the governing bond-slip law. Linear elastic material models, with corresponding mechanical properties shown in Table1, are used for truss elements and bond elements. In Figure4, Geometry of dumbbell specimen, random distribution of longitudinally aligned fibers and FEM mesh are shown. For geometry, boundary condition and acting load on notched model see Figure3. Material properties used for simulation are shown in Table1. It is noteworthy to mention that the experimental specimens are slender and several microcracks have been observed before performing the test. In order to consider the effect of these initial cracks in the numerical simulation, based on the experimental results shown in Figure2, the Young's modulus of cementitious material is decreased by the factor of 3 in the numerical analyzes. 
Continuum material model
A particular type of damaged material model is used for representing the response of the continuum medium. This particular damaged model consist of elastic zone up to Rankine criteria which the largest principle strain of a continuum element exceed the threshold value corresponding the uniaxial tensile strength, the respective element will be extended with strong discontinuity approach (SDA). The relation between crack normal traction and crack width is described by a quadratic function, see Figure5. The starting point in the loading phase is defined by the limited uniaxial tensile strength and the end point depends on the prescribed crack energy which is equal to area of the graph in the loading condition. A fixed crack approach is assumed as first approach while the crack direction is assumed as normal to direction of the largest principle strain and the crack anchor point is placed the element's center (See Figure 6 ). The crack formation is dependent on the loading history. Since the SDA-approach with a crack-traction law is able to recover the energy in un/re-loading phases, there would be no need for any special regularization to capture the tensile softening behavior of concrete in FEM displacement field. 
ANALYSIS RESULTS AND PARAME-TERIC STUDY
Our interest at this stage of the simulation is to capture the overall response of the specimen. The observed saw edges from the experimental results, which are due to initiation and propagation of the damage in the model and redistribution of energy in the specimen, will not be investigated(See Figure7). This localized behavior could vary due to random distribution of fibers, the cementitious quality and set-up of the equipment. Several sensitivity analysis have been performed and results are compared to corresponding experimental results for notched specimens with a fiber content of 2%.
The effect of random distribution field and volume fraction
In Figure7 the effect of fiber orientation and volume fraction of fiber in model are investigated, it is observed that longitudinally aligned orientation of fiber and higher volume ratio increase the ductility and tensile strength of the overall response of the specimen. Since the production techniques and the thickness of the specimens (≈3.5 mm) led to an almost uniaxial fiber orientation, model with longitudinally aligned fibers and a fiber content of 2% is used for the next sensitivity analyses.
The effect of ultimate bond -slip stress
It should be noted that result, shown in Figure7 , present a constant increase because no failure in bond material model, fiber material model and no complete pull-out for truss element is considered. Additional nonlinearity is introduced to the existing bonding material behaviour in order to address ultimate bond-slip stress(see Figure8) . The results of new material model for bond elements are shown in Figure9. It is observed that decreasing the ultimate bond-slip stress will shorten the hardening phase and decrease the ductility in the overall response of the specimen. 
The effect of fracture energy
The area under loading part shown in Figure5 represents the fracture energy of continuum element. A sudden drop is observed in start point of hardening phase when the fracture energy parameter is decreased by a factor of 0.2 and 0.1. It shows that a big number of concrete elements have been failed at the same time due to the low fracture energy, and the model will be stabilized later on by redistribution of stresses into the overall elements. 
The effect of ultimate fiber strength
For modeling the rupture of fibers in the simulation, a multi-linear elastic material model has been assigned to truss elements as preliminary approach. Based on this material model, when the stress in truss elements reaches the ultimate tensile strength, the modulus of elasticity of corresponding fiber will be decreased by a factor of 0.01. From result shown in Figure11, it is observed that by decreasing the ultimate tensile strength of fiber material, the length of hardening phase in overall behavior is decreasing. 
Future developments
As it is mentioned before, the middle notched portions of the specimens are analyzed in terms of crack formation and deformation to reduce the computational effort. The presented diagrams in Figures12,14 are thus corresponding to the deformations in these regions. The deformations were evaluated using Digital Image Correlation in which three virtual calipers were places longitudinally on specimens edges and in the middle. The deformation axes in the following diagrams show the average of the elongation of these profiles.
In Figures13,15, each DIC images presents specific step of crack development in notched area during the experiment and the numbers under the pictures are corresponding to number of points highlighted in Figures12,14 respectively.
Note that the notches did not impede multiple crack formation, which is typical for SHCC [12] . However, they concentrated the crack formation in the middle of the sample and allowed modeling a smaller region of 40 mm length in the middle of the sample. [5]
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Deformation of the notched area in mm Several sensitivity analyses are planned to investigate the effect of continuum mesh sizes and fiber's element length, besides improving the material models to enhance the correlation between experimental and numerical results. The The graphs shown in Figures12,14 will be used as references for validation of further numerical simulations.
CONCLUSIONS
This paper represented the modeling strategy for simulation of SHCC specimen made with UHMWPE fibers on a 2D notched specimen. The detailed modeling aspects of matrix, fiber and bonding behaviour are explained. Moreover, several sensitivity analyzes were conducted to highlight the effect of various parameters associated to material properties, volume fraction ratio and orientation of fibers on the overall of response of specimen in the in-house program CaeFem. The progressive failure results from finite element models were compared versus the experimental results.
